The low temperature (2K) photoluminescence of gallium antimonide doped by iron have been studied at a zero magnetic field. The samples were prepared by the float-zone method. The concentration of Fe in the melt was in the range of 0.001 -1 atomic percent. The samples had a p-type of conductivity and it was shown that the Fe in GaSb formed the shallow acceptor level with the ionization energy of 23 ± 2 meV. The concentration of shallow acceptors determined from the Hall measurements is in a good agreement with the concentration of the Fe acceptors obtained from the photoluminescence.
Introduction
Diluted magnetic semiconductors (DMSs) based on III-V compound semiconductor crystals doped with 3d impurities of the transition metal group attract considerable interest with the prospects of the development of new spintronic devices combining useful properties of semiconductors and ferromagnets (Jungwirth et al., 2006) . Since the discovery of carrier-induced ferromagnetism in Mn-doped InAs and GaAs (Munekata et al., 1989; Ohno et al., 1996) much effort has been devoted to the study of Mn doping of III-V compound semiconductors including GaN ( Shon et al., 2002) , GaSb (Matsukura et al., 2000) , InP (Park and Kang, 2007) and GaP (Overberg et al., 2001) . At the same time the iron doped semiconductors were less studied. It is well known, that the doping of GaAs by Fe introduced the deep acceptor levels into the forbidden gap and it is mainly used for obtaining of semi-insulating GaAs material (Gray et al., 1993) . However, the transition metal impurities in GaSb are usually much shallower comparing with GaAs (Omel'yanovskii and Fistul, 1986) and therefore, it is expected that the doping of GaSb by Fe might provide the shallow acceptor level in the forbidden gap of GaSb. For example, the acceptor level of Mn in GaAs is about 100 meV (Masterov et al., 1988) , whereas in GaSb is only of 18 meV (Georgitse et al.., 1991) .
The as-grown GaSb is always p-type in nature due to the native acceptors, which are likely the complex of gallium vacancies and gallium on antimony sites (antisites) (Jakowetz et al., 1972) . The photoluminescence of undoped bulk GaSb have been studied by (Benoit a la Guillaume and Lavallard, 1972; Rühle and Bimberg, 1975; Averkiev et al., 1982) . The low temperature photoluminescence was dominated by recombination at the native acceptor level A via Band-Acceptor (BA) or DonorAcceptor Pairs (DAP) transitions.
In present work, we investigated the low temperature photoluminescence of bulk GaSb doped by iron in the wide range of Fe concentration up to 1%. From PL spectra the energy level of the Fe acceptor of 23 ± 2 meV has been determined. Using the depolarization curve of the circularly polarized photoluminescence by transverse magnetic field (Hanle effect) the lifetime of the photoexcited electrons and the concentration of radiative recombination centers have been determined. The concentration of shallow acceptors determined from the Hall measurements is in a good agreement with the concentration of the Fe acceptors obtained from the photoluminescence.
Experimental
The undoped and iron doped gallium antimonide bulk crystals under study were prepared using a floating-zone technique. First, the stoichiometric amounts of the starting materials Ga (99.999%) and Sb(99.999%) and the needed amount of the Fe (99,999%) dopant were placed in an evacuated quartz ampule and then heated at 900 0 C for 48 hours. After that the zone melting technique was performed. The molten zone width was of 2 cm and the passing speed was of 3mm/h. The zone refining was repeated for 20 full cycles (the melting zone had passed in both directions). The undoped and Fe doped samples exhibited a p-type conduction. The concentration of free holes (NA -ND) in the undoped GaSb samples measured at room temperature varied within (2  10 16 -1.8  10 17 ) cm -3 . While, the concentration of free holes in the samples doped by Fe was in the range of (2.8  10 17 -2 10 18 ) cm -3 and it depends on the concentration of introduced iron. The photoluminescence was excited by circularly polarized light of a laser with a wavelength of λ = 1.52 m (0.814 eV), i.e., with the photon energy approximately equal to the band gap of gallium antimonide Eg = 0.811 eV at 2 K (Madelung, 1996) . The excitation density in the experiments did not exceed of 10Wcm -2 . For this excitation level, the concentration of non-equilibrium carriers is lower by a few orders than the intrinsic hole concentration in the GaSb samples. At temperature of 2K, the states in the valence band up to the Fermi level are occupied by holes; therefore, the effects of self-absorption could not have a distorting effect on the form of recorded spectra. The photoluminescence spectra were measured by using a 0.75 m grating spectrometer equipped by a Ge detector. The samples were immersed into liquid helium and the temperature of 2K was obtained by pumping of helium vapor.
Circularly polarized light excites electrons with preferentially one orientation of spin into the conduction band. In direct semiconductors like GaSb, the selection rules for optical transitions from the uppermost valence band to the lowest conduction band are commonly based on the simple picture that the electron states in the conduction band have spin S=1/2 whereas the hole states in the valence band have an effective spin S=3/2 (Dyakonov and Perel, 1984) . The hole states with spin z component Sz= ±3/2 are denoted heavy-hole (HH) states whereas the light-hole (LH) states have Sz= ±1/2. The transition probability from the HH states to the conduction band is three times larger than from the LH states. In bulk semiconductors, we thus expect that the maximum attainable degree of spin polarization is Ps=0.5, where Ps=(N + -N -)/(N + +N -) and N + (N -) is the number of electrons with spin up(down) respectively. If the recombination rate of electrons does not depend on their spin, then it is obvious that the accumulation of spin-oriented carriers will take place in the conduction band. The accumulation can occur even at the excitation intensities at which the concentration of excess minority carriers (electrons of p-GaSb) is still low in comparison with their equilibrium concentration; as a result, radiative recombination will be polarized. The photoluminescence spectra measured at temperatures of 2-77 K were polarized. The depolarization of the photoluminescence in a transverse magnetic field (Hanle effect) allows determine the lifetime of nonequilibrium carriers. It is known that the method of optical orientation of electrons makes it possible to measure extremely short lifetimes up to 10 -11 s in conditions of continuous excitation (Aronov et al., 1983) . Figure 1 shows the photoluminescence spectra for two of the undoped p-GaSb samples recorded at 2 K in the absence of external magnetic field. The spectrum (1) for the p-GaSb sample with NA-ND = 210 16 cm -3 , and (2) for the p-GaSb sample with NA-ND = 1.810 17 cm -3 . It is seen that the photoluminescence spectra of these two samples have a similar structure. The both spectra exhibit a strong emission band, which is designated with A in the Fig. 1 with the maximum energy hνA = 777 meV and the several emission bands close to the GaSb energy gap, which are attributed to the bound exciton BE bands (Rühle and Bimberg, 1975 ). The energy maxima of these bound excitons have the following values: 805 meV (BE1); 803 meV (BE2); 801 meV (BE3); and 796 meV (BE4). The emission band A represents the radiative recombination at the native acceptor (A) level from the conduction band to the acceptor (BA) or donor-acceptor pair (DAP) transitions (Jakowetz et al., 1972) . Since the depth of the energy level for hydrogen-like donors in GaSb is about 2 meV (Benoit a la Guillaume and Lavallard, 1972), the energy level for native acceptor determined from luminescence is about 32 -34 meV. The photoluminescence spectra of the iron doped GaSb samples are shown in Fig. 2 . The photoluminescence spectra of iron doped GaSb samples reveal the new additional emission band at 788 meV, designated as AFe, which was not observed in the photoluminescence spectra of undoped GaSb. The intensity of the emission band AFe increases with increasing of iron concentration and it dominates in the photoluminescence of GaSb sample doped by 1% of Fe. The full width at half maximum (FWHM) of emission band AFe is similar to the FWHM of emission band A and these two emission bands have a similar intensity dependencies on the excitation power. Therefore, the emission band AFe is attributed to the radiative recombination of electrons from the conduction band (or shallow donors) to the acceptor level in GaSb introduced by iron impurity. The energy level of Fe acceptor in GaSb determined from the photoluminescence is E Fe = Eg -788 meV = 23 ± 2 meV. The uncertainty of ± 2 meV is connected with the energy of shallow donors in GaSb and with the spectral resolution of our spectrometer. We have recorded the Hanle profiles using the technique described in (Aronov et al., 1983) and we determined the minority carriers lifetime for the studied samples with different Fe concentrations. In transverse magnetic field H the degree of luminescence polarization decreases according to the expression P(H) = P(0)(1+ ΩL 2 Ts 2 ) -1 , where P(0) is the degree of polarization at zero magnetic field, Ts is the measured spin lifetime, which depends on both the electron lifetime τe and the spin relaxation time τs : 1/Ts = 1/τe +1/τs , and ΩL= geμBH/ħ is the Larmor precession frequency. Here, ge is the electron g-factor, μB is the Bohr magneton and ħ is the Planck constant. The measured spin lifetime Ts is usually obtained from the Hanle halfwidth H1/2 = ħ/(geμBTs). Then, the Hanle profiles are measured at different excitation power density. Since the generation rate G = n/τe of the excess electron concentration n is proportional to the excitation power density, the steady state equations show that the inverse measured lifetime plotted vs. power density should be a straight line: 1/Ts= G/n + 1/τs. The low power limit of the linear fit yields the true spin relaxation time τs and the point at which τe =τs is the excitation power density where the inverse lifetime is twice the low power limit. The resultant data on the lifetime of minority carriers are presented in the Table 1 . Using these lifetime values we have estimated the concentration of radiative recombination centers by the formula Nr = (B) -1 . In the calculations, the value of B = 810 -10 cm 3 s -1 characteristic of hydrogen-like centers was used as the radiative recombination coefficient (Titkov et al., 1986) . It is seen from Table 1 that there is a good agreement between the (NA -ND) determined from the Hall measurements and the concentration of Nr obtained from depolarization curves. 
Results and Discussion

Conclusion
The photoluminescence spectra of the undoped and Fe doped samples of GaSb have been studied at low temperature of 2K at a zero magnetic field. The additional emission band at 788 meV has been observed in the PL spectra of Fe doped GaSb and it was attributed to the radiative recombination of electrons from the conduction band to the acceptor level in GaSb introduced by iron impurity. The energy level of Fe acceptor in GaSb determined from the photoluminescence is about 23 ± 2 meV. A satisfactory agreement on the concentration of (NA -ND) determined from the Hall measurements and the concentration of Fe acceptors by using the optical polarization method was observed.
